A nondestructive method to visualize inverted ferroelectric domains in periodically poled LiNbO3 by X-ray topography is reported. It is shown that, when an electric field is applied to the sample, a strong contrast revealing the inner structure of the domains can be observed, even in white-beam mode.
Introduction
Lithium niobate exhibits large optical nonlinearities and is widely used for electro-optic and acousto-optic applications as well as for frequency conversion. It has been suggested previously (Armstrong et al., 1962) that, by changing of the sign of the nonlinear coefficient, every coherence length leads to efficient conversion by quasi-phasematching (QPM). An advantage of QPM is that it involves the highest nonlinear coefficient (d33 in the case of LiNbO3). In ferroelectric materials, a way to achieve QPM is to reverse periodically the sign of the polarization.
A variety of methods for revealing domain reversal in LiNbO3 crystals have been reported. The most widely used technique is chemical etching, followed by the direct observation of domains using an optical microscope, since the etching rate is faster for a negative -z face than for a positive one (Nassau et al., 1965) . This is of course a destructive measurement. The use of transmission electron microscopy (Wicks & Lewis, 1968) or scanning electron microscopy (Houe & Townsend, 1995) allows visualization of the domains, but the electron beam itself may induce domain reversal. Pyroelectrically induced electron emission measurement (Kugel et al., 1995) involves precise temperature control and a vacuum environment. A promising alternative method seems to be X-ray diffraction topography. Ferroelectric domains in lithium niobate are equivalent to inversion twins, which lead, under anomalous diffraction conditions, to a small but detectable X-ray diffracted intensity difference produced by differences in corresponding structure factors (Wallace, 1970; Vreeland & Speriosu, 1984) . They also produce very faint distortion detected by multiple-crystal reflection X-ray topography (Hu et al., 1996) . To our knowledge, all X-ray topographic studies revealing ferroelectric domains in LiNbO3 crystals have been performed recording projection topographs, when the threedimensional sample is projected onto two-dimensional film. Information about the three-dimensional shape of inverted domains is then lost. In this work, using the section-topography technique in white-beam mode, which is a very simple set-up, and by applying an electric field along the c axis of the crystal, we have obtained strong image contrast corresponding 1998 International Union of Crystallography Printed in Great Britain -all rights reserved to a 23 l.tm periodically inverted domain structure in LiNbO3. A similar method has already been used to reveal hydrogenimplantation-related inverted domains in LiNbO3 crystals (RejmfinkovA et al., 1996) .
Experimental
The periodically poled LiNbO3 (PPLN) samples were fabricated by bulk electric field poling (Myers et al., 1995) . A 7.62 cm-diameter, 0.5 mm-thick, z-cut wafer of congruent LiNbO3 from Crystal Technology was lithographically patterned on the +z (+c) face with a 0.6 pm-thick, 23 ~tmperiod grating of spin-on glass with 5 lam-wide openings. The wafer was then poled with an electric field of approximately 2 × 107 V m -1 at a regulated current of 23 mA until domain growth was self-terminated at approximately lOOms, i.e. domain reversal was realized across the whole thickness of the sample. Subsequently, 5 x 10 x 0.5 mm samples were cut from the wafer. Aluminium electrodes were evaporated onto the large-area surfaces, forming rectangles partially covering the surface area, schematically drawn in Fig. 1 . A DC electric field was then applied along the c axis.
The diffraction section-topographic technique allows the visualization of deformations and misorientations in a 'virtual' slice of the crystal by restricting the incident beam width to "~,20 lam as depicted in Fig. 1 . This sometimes simplifies the interpretation because (as a first approximation) a nearly twodimensional object is projected onto the two-dimensional film (Lang, 1958) . The experiment was performed using synchrotron radiation at the ID19 ('topography') beamline at the ESRE The section topographs were recorded as Laue patterns (white-beam diffraction topography in transmission) on Kodak Industrex SR films with a typical exposure time of about 20 s and a crystal-to-film distance of 25 cm. The small source size and the experimental configuration at the ID19 retain a good resolution with no image blurring, even for crystal-to-film distances greater than 20 cm (Barrett et al., 1995) . This allows the separation of images arising from regions inside a crystal misoriented by as little as 1 arcsecond. The spatial resolution is about 1 tim.
The z-cut sample was etched in the usual way (see, for example, Nassau et al., 1965) and using the optical microscope in reflection mode the domain distribution was very distinctly observed. Fig. 2 procedure, related to the inverted domains. Note this is in contrast to experience of the chemical etching procedure producing strain-free surfaces. The intersection of domains with the surface can therefore be well visualized, but no information can be extracted about the arrangement of the inverted domains in the bulk. The investigated sample was then carefully polished using diamond paste up to the moment where there was no optical evidence of domain-inverted areas (magnification ---100). The subsequent X-ray white-beam projection topograph confirmed no obvious evidence of domain reversal. The polished sample was then electroded and a DC electric field of 4 × 106V m -1 was applied along the c axis. Fig. 3 shows the 3il reflection section topographs without (Fig. 3a) and with (Fig. 3b ) the applied field, recorded in the white-beam mode. Strong periodic black lines are observed in Fig. 3(b) . Their period corresponds to the period of ferroelectric domain walls. The black lines appear to be parallel to the projection of the diffraction vector g on the film due to a geometrical projection effect. Note that a faint contrast is observed in Fig.  3(a) , even in the absence of the electric field. This may suggest a phase-contrast imaging mechanism (Cloetens et al., 1997) . The contrast of the individual domains is greatly enhanced by the applied field and could correspond to the inverted 1 O0 prn piezoelectric distortion between domains produced by the field. The accurate explanation of the mechanism producing the observed contrast is under investigation.
Conclusions
The proposed method of revealing reversal of ferroelectric polarization using white-beam section topographs recorded when an electric field is applied to the investigated sample is very simple to use, and has the major advantage of topographic methods, i.e. it does not destroy or alter the crystal. This technique provides additional information about the domain inversion within the sample bulk. It should therefore be useful in investigating the domain-inversion mechanisms in ferroelectric crystals, depending on the inversion methods or conditions used, for second harmonic generation (SHG) applications. To our knowledge, this is the first unambiguous report on visualization of domain-inverted patterning for SHG applications inside a ferroelectric crystal.
